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Th is  paper presents t h e  r e s u l t s  o f  e f f o r t s  t o  produce a n o n s i l v e r  m e t a l l i z a -  
t i o n  system f o r  s i l i c o n  p h o t o v o l t a i c  c e l l s .  The system uses a m e t a l l i z d t i o n  
system based on molybdenum, t i n ,  and t i t a n i u m  hydr ide.  The i n i t i a l  work i n  
t h i s  system was done us ing t h e  MIDFILM process. The MIDFILM process a t t a i n s  
a l i n e  r e s o l u t i o n  comparable t o  p h o t o r e s i s t  methods w i t h  a process r e l a t e d  
t o  screen p r i n t i n g .  
The sur face t o  be processed i s  f i r s t  coated w i t h  a t h i n  l a y e r  o f  photopoly- 
mer ma te r ia l .  
t h e  polymer i n  t h e  non-pattern area c r o s s l i n k s  and becomes hard. The unex- 
posed p a t t e r n  areas remain tacky. 
i n  t h e  form o f  a dry  m ix tu re  o f  metal ’which adheres t o  t h e  tacky p a t t e r n  
area. 
conductor powder. 
Upon exposure t o  u l t r a v i o l e t  l i g h t  through a s u i t a b l e  mask, 
The conductor m a t e r i a l  i s  then app l i ed  
The assemblage i s  then f i r e d  t o  ash the  photopolymer and s i n t e r  t h e  
Several composit ions o f  powders were used i n  t h i s  research, t h e  composit ions 
a re  i d e n t i f i e d  as fo l l ows :  
TYPE Mo T i  Sn f r i t  
A DP-E570 19.5 80.0 0.5 0 
B DP-E571 50.0 49.5 0.5 0 
C DP-E572 70.0 29.5 0.5 0 
D DP-E573 49.0 49.0 2.0 0 
E DP-E574 48.0 48.0 4.0 0 
F DP-F503 19.5 80.0 0.5 5.0 
The f r i t  used was a Pb /bo ros i l i ca te  glass. 
I n i t i a l  work us ing t h e  MIDFILM process was done us ing  on ly  t ype  A paste. 
was found t h a t  t h i s  r e s u l t e d  i n  c e l l s  w i t h  a very h i g h  se r ies  res is tance.  
I f  t h e  ce l l  was then p l a t e d  t h e  c e l l  improved. 
res i s taoce  a screen p r i n t e d  process was inves t i ga ted .  The metal powders 
were formulated i n t o  sc reenpr in t i ng  pastes by Thick F i l m  Systems us ing  t h e  
same v e h i c l e  used i n  s i l v e r  pastes. A f t e r  sc reenpr in t i ng  t h e  c e l l s  a r e  
f i r e d  i n  a i r  i n  an I R  b e l t  furnace t o  burn o f f  t h e  organic  components o f  
t h e  vehic le .  The c e l l s  a re  then s i n t e r e d  i n  d pGre hydrogen atmosphere. 
It 
To decrease t h e  s e r i e s  
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Paste types  A&F gave t h e  best r e s u l t s .  
b e l t  speed o f  18"/min. th rough a heated zone o f  18". The m e t a l l i z a t i o n  has 
a b lue-grey c o l o r  which becomes m e t a l l i c  l o o k i n g  a f t e r  t h e  hydrogen ; in te r -  
ing.  S i n t e r i n g  w z t  done a t  6OOOC f o r  90 seconds. F igures  13-16 show a 
t y p i c a l  Mo/Ti c e l l  as compared t o  a s i l v e r  c e l l  ( n e i t h e r  a r e  AR coated).  
C e l l s  produced by t h i s  method pass tape p u l l  t e s t s  bu t  a r e  d i f f i c u l t  t o  
so lde r  t o  w i t h o u t  removing t h e  m e t a l l i z a t i o n .  
a t  h ighe r  temperature enhances adhesion bu t  increases s e r i e s  r e s i s t a n c e  t o  
unacceptable values. 
C e l l s  were f i r e d  a t  500-550°C a t  a 
S i n t e r i n g  f o r  l onger  t imes 
Several d i f f e r e n t  c l e a n i n g  procedures p r i o r  t o  s c r e e n p r i n t i n g  were t r i e d  i n  
an at tempt t o  inc rease adhesion, 
procedures worked e q u a l l y  w e l l  ( o r  p o o r l y ) ,  procedure D i s  now used r o u t i n e -  
l y  and s u c c e s s f u l l y  f o r  s i l v e r  m e t a l l i z a t i o n  c e l l s .  
F igu re  17 shows t h e  procedures. A l l  
CC! was used i n  p lace  o f  hydrogen as t h e  reduc ing  gas i n  another experiment. 
The c e l l s  had much h ighe r  s e r i e s  res i s tance  as seen i n  f i g u r e  20. Adhesion 
between t h e  m e t a l l i z a t i o n  and t h e  s i l i c o n  was improved b u t  p a r t i c l e  t o  par- 
t i c l e  adhesion appeared t o  degrade, 
under a l l  cond i t i ons .  
So lder ing  t o  t h e  c e l l s  was imposs ib le  
I n  t h e  nex t  study wafers were coated w i t h  ind ium t i n  ox ide  (ITO) p r i o r  t o  
m e t a l l i z a t i o n .  
Labs Inc.  The th i ckness  v a r i e d  f rom 512 t o  783A w i f h  an index o f  r e f r a c t i o n  
o f  1.95. The r e f l e c t e d  c o l o r  v a r i e d  w i t h  i n c r e a s i n g  th i ckness  as f o l l o w s :  
green bronze, bronze, purp le ,  b lue. 
a t  6 0 0 O C .  The hydrogen f i r i n g  a l s o  reduced t h e  I T 0  causing a m i l k y  appear- 
ance on t h e  c e l l s .  A i r  f i r i n g  o f  t h e  c e l l  brought back some o f  t h e  c o l o r  
o f  t h e  f i l m  and improve c e l l  performance as i s  shown i n  f i g u r e  25, Attempt 
t o  f i r e  t h e  c e l l s  a t  650°C l e d  t o  severe shunt ing,  f i g u r e  24 and 25. The 
p a r t i c l e  adhesion f o r  t h e  IT0  c e l l s  was s t i l l  n o t  adequate f o r  so lde r ing .  
The IT0 was a p p l i e d  by r e a c t i v e  s p u t t e r i n g  by App l i ed  F i l m  
The c e l l s  were reduced us ing  hydrogen 
Future  work w i l l  i n c l u d e  sequent ia l  use o f  hydrogen 3nd GI), and use o f  o t h e r  
paste a d d i t i v e s .  
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Figure 2. Objectives 
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Figure 3. Approach 
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Figure 4. Metallization Paste Formulations 
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Figure 5. Initial Effort I 
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Figure 6. 
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Figure 7. Initial Effort II 
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Figure 9. Initis' .:tfort 111 
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Figure 10. Firing Sequences 
1) lV/l NIN. SOOOC PREFIRE, 1 NIN. 575OC H2 FIRE 
2) l%'/nin. Mo°C PREF:RE, 1 R I M .  6oooC $ FIRE 
3) ~' /RIN.  5o$C PREFIRE. 1 HIM. 575OC 9 FIRE 
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Figure 12. Initial Optimization of Paste A 
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Figure 1 3. Front Metallization Pattern 
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Figure 1 5. 
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A 
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Figure 1 7. Cleaning Procedures 
B C D 
1 HlN. 10% HCL 1 HIN. 10% HCL 1 MIN. 85OC H20/NH3/H202 30 SEC. 
RINSE H20 RINSE H 2 0  RIVSE H 2 0  RINSE 
1 MlN. 10% HF 1 f l i ~ .  10% HF 1 HIN. 
RINSE H20 RINSE H 2 0  RINSE 
RINSE H20 RINSE 
MIN. HzO/NH3/Hz02 30 SEC , 
2 M l N .  
2 M l N .  
2 MlN.  
5 M l N .  
Figure 18. Problems 
0 POOR ADHESION 
0 FRIT DOES NOT APPRECIABLY WORK 
0 SI-POWDER BOND A PROBLEM 
0 SOLDERING A PROBLEM 
227 
Figure 19. CO as Reducing Gas 
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Figure 20. IT0 Studies 
0 APPLIED BEFORE METALLIZATICA 
0 INDEX OF REFRACTION 'I 1.95 
0 THICKNESS VARIED 512 - 783 
0 COLOR GREEN BRONZE - BRONZE - PURPLE - BLUE 
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Figure 22. IT1 Results 
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0 IT0 AR VALUE I S  DESTROYED BY REDUCING ATOMOSPHERE 
0 REOXIDATION k C E S S A R V  
0 SHUNTING OCCURS ABOVE 6OOOC 
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Figure 23. 
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Figure 24. 
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Figure 25. 
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Figure 2 7. Discussion 
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Figure 28. Future Work 
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DISCUSS ION 
SOHBERG: Did you t r y  any without t i t an ium hydride? 
GARCIA: In t h i s  s tudy we have n o t  t r i e d  them without  t h e  t i t a n i u m  hydride.  
I n  the  mid-film work we  d i d  t r y  some without  t i t an ium hydride and the  
r e s u l t s  were t e r r i b l e  compared wi th  t h e  ones t h a t  d i d  have a l i t t l e  
t i t an ium hydride.  
SOMBERG: My o t h e r  ques t ion  is: when you so lde red  t o  the c e l l ,  you s a i d  t h e r e  
was f a i l u r e .  Were you a b l e  t o  t e l l  where f a i l u r e  was occur r ing?  
GARCIA: It f a i l e d  i n  d i f f e r e n t  ways. In c e l l s  t h a t  were f i r e d  i n  hydrogen, 
t h e  f a i l u r e  was between the  m e t a l l i z a t i o n  and the  s i l i c o n .  It appeared 
t o  j u s t  come s t r a i g h t  o f f  t he  s i l i c o n .  When i t  was f i r e d  i n  carbon 
monoxide you d ivo ted  t h e  s i l i c o n  but you d i d n ' t  g e t  p a r t i c l e - t o - p a r t i c l e  
adhesion; i t  wasn't very good. It appears you were j u s t  making c o n t a c t  
with a couple of p a r t i c l e s  and p u l l i n g  those  ou t  c f  t h e  s i l i c o n ,  but t h e  
p a r t i c l e s  were not  s t i c k i n g  t o  one another .  There wasn't much congru i ty  
t o  the  m e t a l l i z a t i o n .  
LAVENDEL: I might comnent on the  func t ion  of t i t a n i u m  hydride i n  your 
system. Believe i t  or not, I a m  going back t o  a problem t h a t  I had once 
w i t h  armors. Quite  a d i s t a n c e  between armors and s o l a r  cel ls ,  but  t h e  
problem we were t r y i n g  t o  so lve  a t  t h a t  t i m e  was t o  g e t  t o  a s t r u c t u r e  
t h a t  would be composed of aluminum oxide p a r t i c l e s  o r  p l a t e s  b u i l t  
t oge the r  with very t h i n  metal f i l m s ,  and l o  and behold,  one of t h e  b e s t  
systems was t i n  t i t an ium hydride.  It i s  becailse, a t  t h e s e  temperatures  
t h a t  you mentioned, t i t an ium hydride decomposes; t i t an ium d i s s o l v e s  i n  
t i n  and you have a l i q u i d  metal  t h a t  w e t s  and bonds t o  the  ceramic 
s u r f a c e ,  oxide ceramic su r face .  
f i r i n g ,  you don't  ge t  a good adherence of your me ta l l i za t i -on ,  of bonds 
of  y c u r  m e t a l l i z a t i o n  t o  s i l i c o n .  I would propose t h a t  you don ' t  g e t  i t  
because you have a very c l e a n  s i l i c o n  su r face .  
s i l i c o n  oxide on i t ,  then you have t h a t  t i n - t i t an ium l i q u i d  we t t ing  t h e  
su r face  and bonding. I f  you remove the  oxide completely,  you don ' t  have 
bonding. 
t h i n  oxide f i l m  on your s i l i c o n  and you r e s t o r e  bonding. 
You say t h a t  i n  the  case  of hydrogen 
I f  you had t r a c e s  of 
I f  you use carbon monoxide, you would probably r e s t o r e  very 
GARCIA: Well, one t h i n g  w e  d id  t r y  was no c l ean ing  a t  a l l ,  which I wciuld 
assume would l eave  some oxide on t h e  c e l l .  That d i d n ' t  help.  We a l s o  
t r i e d  p u t t i n g  a b i g  oxide on t h e r e  by j u s t  d ipping the  s o l a r  c e l l s  i n  
hydrogen peroxide.  
thought it might. That d i d n ' t  h e l p  e i t h e r .  So I am not sure t h a t  was 
the problem. 
I was not s u r e  i f  t h a t  would p u t  oxide on, but I 
BEAVIS: Of  course when you put i t  i n  hydrogen l i k e  t h a t ,  i f  i t  is r e a l l y  p u r e  
hydrogen, what happens is t h a t  t h e  oxide reduces,  because t h e r e  is oxide 
t h e r e  anyway in t he  beginning. Have you t r i e d  any with p u t t i n g  water  -- 
i n  o the r  words, wet hydrogen? 
the oxidized s t a t e .  I am not  sure what tile f ree  e n e r g i e s  f o r  t i n  oxide 
a r e ,  I don ' t  remember r i g h t  o f €  hand, but i t  would c e r t a i n l y  keep t h e  
s i l i c o n  oxide on the  s u r f a c e  i f  you have water i n  i t .  
That w i l l  c e r t a i n l y  keep t h e  s i l i c o n  i n  
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GARCIA: We have no t  t r i e d  t h a t .  
BEAVIS: That i s  a classic way, by t h e  way, of doing those  sorts of  t h ings .  
It is j u s t  w e t  hydrogen. 
BICKLER: Bernd Ross had concluded t h a t  i t  is t h e  nydrogen occupying t h e  f r e e  
s i l i c o n  sites and p reven t i ag  t h e  chemical bonding to t h e  s i l i c o n ,  i t  is  
not  t h e  l a c k  of t h e  oxide,  carbon monoxide i s  s u f f i c i e n t l y  reducing to  
handle  t h a t  a spec t  of t h e  t h i n g  bu t  i t ' s  occupancy of s i l i c o n  s i tes  by 
hydrogen, q u i t e  s imilar  t o  sme of t h e s e  hydrogen involvements with 
s i l i c o n  we are s e e i n g  i n  p o l y c r y s t a l l i n e  cells .  
BURGER. I f  1 remember t h e  o r i g i n a l  work with t h e  moly-tin systems, wasn't  
Lilat molybdenum pentoxide and t i t a n i u m  r e s i n a t e  with pure t i n ?  
GARCIA: I am no t  aware of t h a t .  I d i d n ' t  worry about t h a t .  
GALLAGHER: In  t h e  o r i g i n a l  Midfilm program, w e  used both moly t r i o x i d e  
and moly metal .  
GARCIA: This wasn't  a t  t he  end of t h e  Midfilm c o n t r a c t .  
GALLAGHER: That i s  t h e  one we a r e  t a l k i n g  about ,  where we used molymetal and 
mo 1 y t i n .  
GARCIA: Yes, w e  did.  But we  d i d n ' t  use  a r e s i n a t @ * .  
GALLAGHER: Yes, t h e r e  w a s  a r e s i n a t e  i n  i t .  
GARCIA: There was? Maybe. 
WONG: I have a q u e s t i o n  f o r  Don (B ick le r ) .  This w i l l  c l e a r  up my mind on t h e  
hydrogen business .  
has  a lo t  of dangl ing bonds and t h e  hydrogen wants t o  s a t i s f y  those  
dangl ing bonds? 
o t h e r  -- 
Are you say ing  t h a t  t h e  f r e e  s u r f a c e  of t h e  s i l i c o n  
And becomes s t a b l e  so t h a t  i t  won't r e a c t  any more with 
BICKLER: That is  the  understanding t o  da t e .  
AMICK: I would t h i n k  t h a t  p i c t u r e  a t  600° is  very u n l i k e l y  because 
amorphous s i l i c o n  goes t o  p i eces  at  something l i k e  500° and you l o s e  
the  hydrogen a t  t he  s u r f a c e  even down a t  400° i n  f i r i n g .  
BICKLER: Well, it goes through a l l  t h e  temperatures  i n  the  furnace.  It  i s  
s t i l l  i n  t h e  hydrogen atmosphere as i t  comes back out .  
AMICK: But a t  t h e  t i m e  you a r e  a c t u a l l y  t r y i n g  t o  form the  bond, i t  is  a t  
high temperatures.  
GALLAGHER: Well, a c t u a l l y ,  Bernd Ross d i d  s m e  nuc lea r  resonance s t u d i e s  with 
SUNY wherein he not  only showed t h a t  hydrogen had taken c a r e  of dangl ing 
bonds a t  t h e  s u r f a c e  bu t  t h e r e  was a c t u a l l y  hydrogen w i t h i n  t h e  
s t r u c t u r e  t o  some depth. Depth b e i n g  i n  Angstroms. 
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WICK: After you come back down t o  roau temperature, I can be l ieve  the  
hydrogen was i n  there;  the  quest ion is, whether i t ' s  a t  the  sur face  
i n t e r f e r i n g  with something, at the teapera ture  a t  which you are t ry ing  
t o  put i t  in .  
G A L W H E R :  I don't  know - a l l  I know i s  t ha t  the  samples were done i n  both 
hydrogen and CO and sen t  ( t o  SUh 
we got back curves t h a t  s a id  there  is hydrogen i n  the re  and hydrogen 
absorbs - 
and he performed t h i s  experiment and 
BICKLER: H e  was working with copper; i t  wasn't molytin. H e  experienced the  
same problem and it was because of t h a t  experience t h a t  Alex (Garcia) - 
GARCIA: That is why I went t o  the carbon monoxide. 
TAYLOR: We have been looking a t  t h i s  quest ion a l s o  and have looked a t  sys tems 
i n  &ich we f i r e  the  molybdenum t i n  and a l s o  w e  have looked a t  other  
meta:l izations i n  a forming gas-type atmosphere and we have observed the  
saw loss  o f ,  or f a i l u r e  t o  develop, adhesion the re  even when you go 
down t o  very loo concentrat ions of hydrogen i n  the  molecular atmosphere, 
down below 1% hydrogen. 
BLAKE: One of the  things we not iced i n  the  study of the  e f f e c t  of hydrogen 
on adhesion i s  tha t  we could take s i l v e r  bonds t h a t  were very s t rong and 
pass a l l  the tests, expose the  bonds t o  hydrogen a t  e leva ted  
temperatures, and get  a complete release with no t r a c e  of adhesion. So 
we f e l t  t ha t  hydrogen w a s  ins inua t ing  i t s e l f  between the bond i n  some 
way t h a t  we were not aware of and causing a release of the  bond t h a t  w e  
had previously.  
SOHBERG: What temperature would it  take t o  do t h a t ?  
BLAKE: Oh, about 550° and up. 
TAYLOR: We have seen tha t  same thing going on i n  s in t e red  aluminum f i r ing .  
We f i r e d  i n  a very weab hydrogen atmosphere a t  550° t o  60C0 
temperatcre. 
BLAKE: It is t ha t  observation t h a t  caused u s  t o  s ta r t  t o  do more work with 
SUNY t o  f ind out whether or not hydrogen is  present  on the  surfaces.  I 
don't think i t  i s  a l l  t ha t  conclusive a t  t h i s  s tage.  We have t o  get  
more work done on it .  
GARCIA: I might say tha t  the c e l l s  w e  a r e  f i r i n g  i n  carbon monoxide w e t  the  
s i l i c o n  very n ice ly  snd on microscopic appearance they looked very 
good. They look l i k e  a very good coat ing,  whereas on the ones where the  
hydrogen was used, the f i lm was much more rough and appeared t o  be more 
pa r t i cu la t e  i n  nature ,  ins tead  of a r e a l  f i l m .  
HOGAN: Two questions.  F i r s t  of a l l ,  what was the  s e r i e s  r e s i s t ance  on 
the c e l l s ?  
GARCIA: On the good c e l l s ,  t he  s e r i e s  r e s i s t ance  walr about 30 t o  40 
milliohms. Bad c e l l s  could get  up a s  high as  you wanted it .  But the 
c e l l s  I showed you, t ha t  showed good curve shape, I would say between 30 
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and 60 milliohms for that cell, which is something we feel is acceptable 
for that size cell. 
HOGAN: The other question was: with the ITO, what was the sheet resistivity 
as received, and also after you reoxidized? 
GARCIA: We didn't make those measurements. I belizve that 150 ob-cm is 
the number. I'm not sure what it is. 
GALLAGHER: Tell them how long you have had them, maybe that would explain. 
GARCIA: I did this work last week. So we really haven't done too much work 
on these films. 
HOGAN: That might be something that you would want to look at. 
GARCIA: Yes. The thing is, we found that there is sufficient conductivity so 
that we don't have a problem with series resistance. 
the curve shape and everything, we are saying there is enough 
conductivity. We are more interested, I think, in the 
adhesion-srmoting abilities underneath it than on the conductivity of 
the cell. I t  helps, but I don't-think that that extra boost in 
conductivity might make that much difference. 
Just by analyzing 
NICOLET: N o  questions. What is this system's advantage over the silver 
sys tem? 
GARCIA: Weil, in theory, it should be cheaper. We had originally hoped that 
this could be done using a forming gas atmosphere and could be done in a 
conventional IR furnace of some sort. 
NICOLET: Second question. Did you ever solve the solubility problem? 
GARCIA: We have not solved the solubility problem yet. 
NICOLET: Why don't you get good soldering? It appears you have plenty of 
tin. 
GARCIA: I don't know. We are still not getting good sintering from particle 
to particle with good adhesion on the final product. 
TAYLOR: Have you done any scanning electron microscope work on these films? 
GARCIA: No. That's our next task. 
TAYLOR: We did some work with tin-nickel mixtures and in exraining those 
under scanning electron microscope, we discovered that the tin has a 
terrible propensity for agglomeration. We got real fine tin particles 
there but you can't find them, they are all in big boulder-agglomerated 
particles. That agglaneration tendency might be playing some kind of a 
role in what you are seeing here. 
GARCIA: That is possible. 
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PARKER: Do you know whether you are getting any compounds of molytin that 
might interfere with your tinning? 
GARCIA: I don't know. 
STEIN: Did you see any difference in solder wettability between the 80% tin 
and the very low tin? In other words, does that play a role? 
GARCIA: We did try some solder tests to the B through E pastes and they 
weren't good. 
be soldered either. 
firing of the A paste. 
metallization and the metallization would stick together even though it 
wouldn't be on the cell. 
pretty little doodad I stuck on my door. 
I didn't look at them that carefully but they could not 
The closest to soldering was using the hydrogen 
Then you could actually solder to the 
You could hold it in your hand, and I made a 
TAYLOR: How about trying some just pure tin and see if you could solder that? 
GARCIA: That's a thought. Try pure tin. I might try that. 
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